INTRODUCTION
The highly conserved DNA mismatch repair (MMR) system recognizes and repairs nucleotide misincorporation events and extrahelical lesions that are introduced during DNA replication and homologous recombination. In eukaryotes, repair is initiated by one of two heterodimeric MutS homolog (Msh) complexes, Msh2-Msh6 and Msh2-Msh3. Both complexes form sliding clamps on DNA and scan the genome for a partially overlapping but distinct spectrum of DNA lesions (Erie & Weninger, 2014; Jiricny, 2013; Kantelinen et al., 2010; Lee et al., 2014; Li, 2008) . Msh2-Msh6 primarily recognizes single-nucleotide mismatches and small insertiondeletion loops (IDLs) (Jiricny, 2013; Reyes, Schmidt, Kolodner, & Hombauer, 2015) . Msh2-Msh3 also recognizes some single-nucleotide mismatches as well as IDLs involving one or more unpaired nucleotides (Harrington & Kolodner, 2007; Srivatsan, Bowen, & Kolodner, 2014; Surtees & Alani, 2006) . After the lesion is recognized, MutL homolog (Mlh) complexes-Mlh1-Pms1 (in yeast) or Mlh1-Pms2 (in humans)-are recruited to the repair site. Mlh complexes also form sliding clamps on homoduplex DNA and harbor a mismatch-dependent endonuclease activity that is critical for MMR (Kadyrov, Dzantiev, Constantin, & Modrich, 2006; Kadyrov et al., 2009 Kadyrov et al., , 2007 . Following Mlh recruitment to the vicinity of the lesion, exonuclease 1 (Exo1) excises a long tract of DNA from the lesion containing strand. Finally, the gapped DNA is filled in by DNA polymerases (Kunkel & Erie, 2005) .
MMR requires a spatially and temporally controlled assembly of repair enzymes at the lesion. Single-molecule imaging and manipulation have proven especially amenable for deciphering how these dynamic assemblies recognize and excise the lesion (Erie & Weninger, 2014; Lee et al., 2014) . For example, single-molecule approaches have been used to describe how Msh proteins scan both naked and chromatinized DNA for lesions, how Mlh proteins are recruited to the Msh-lesion complex, and how Exo1 excises the lesion (Brown et al., 2016; Gorman et al., 2007; Jeon et al., 2016; Lee et al., 2014; Myler et al., 2016; Qiu et al., 2012) . These studies frequently require site-specific incorporation of mismatches or other lesions on a long (>20 kb) DNA substrate. DNA isolated from bacteriophage λ (λ-DNA) is a convenient source of high quality long (48.5 kb) DNA. However, introducing specific DNA sequences, tertiary structures, and chemical modifications into λ-DNA remains technically challenging.
In this chapter, we provide detailed protocols for rapidly modifying and purifying recombinant λ-DNA for single-molecule imaging (Fig. 1) . We use in vivo recombineering to target site-specific segments of the λ-phage genome with >90% efficiency, abrogating the need for restriction motifs and ligation. A nicking enzyme (nickase)-based strategy is used to incorporate mismatches and other structures at defined positions along the DNA substrate. Furthermore, we describe how to use these substrates for assembling DNA curtains, a high-throughput single-molecule fluorescence imaging approach . We anticipate that these protocols will be broadly useful for both ensemble and single-molecule studies that require site-specific modification of long DNA substrates. Step 1: A nicking cassette is inserted into the λ-phage genome in vivo.
MATERIALS
Step 2: Recombinant λ-DNA is purified.
Step 3: Extrahelical structures are introduced via a nicking enzyme-based oligonucleotide insertion strategy. B and D represent incorporated biotinylated and digoxigeninlabeled oligonucleotides, respectively.
Step 4: The resulting DNA substrates are assembled into microfluidic DNA curtains and imaged via single-molecule microscopy.
7. ) (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)) (#870273P). Liposome stock solutions are made by mixing a molar ratio of 97.7% DOPC, 2.0% DOPE-mPEG2k, and 0.3% DOPE-biotin (Finkelstein & Greene, 2011) . 220 μL of liposome mixture is then evaporated overnight in a vacuum desiccator, and rehydrated in 2 mL lipids buffer for 4 h. The liposomes are sonicated using a microtip sonicator (Qsonica Q700) at 15% power for three 90 s intervals. This ensures small, unilamellar vesicles (see Note 1) . Sonicated products are filtered through a 0.22 μm syringe filter and stored at 4°C. 
Imaging MMR Proteins
1. YOYO1 dye: stored as 1 mM stock in DMSO at À20°C (Invitrogen). 2. Glucose oxidase type II from Aspergillus niger (Sigma-Aldrich). 3. Catalase from bovine liver (Sigma-Aldrich). 4. SiteClick Qdot 705 antibody labeling kit (ThermoFisher).
Affinity purified polyclonal rabbit anti-HA (Immunology Consultants
Laboratory #RHGT-45A-Z) conjugated to quantum dots (QDs). Label antibodies using the SiteClick Qdot 705 antibody labeling kit (Life Technologies #S10454) per the manufacturers directions with slight modification (see Note 2) . Store conjugates at 4°C for up to 3 months.
METHODS
We developed an improved nickase-based strategy for inserting oligonucleotides at precise positions along λ-DNA (Fig. 1) . First, a cassette that includes three consecutive BspQI recognition motifs separated by 20-bp spacers is cloned into the λ-phage genome. To facilitate this process, we designed a series of cassettes that target two nonessential regions within the phage genome (Fig. 2) . Each nickase cassette is flanked by $200-bp of homology to λ-DNA. λ-Red-based recombineering is used to construct recombinant λ-DNA rapidly with >90% efficiency (Sharan, Thomason, Kuznetsov, & Court, 2009) . Recombinant lysogens are identified via colony PCR and through growth sensitivity at a restrictive temperature (42-45°C). Recombinant phage is induced by a heat shock and the λ-DNA is purified from packaged phage particles. Below, we provide detailed protocols for each of these steps.
Recombineering into λ-Phage

Preparing the Nickase Cassette
A linear, double-stranded DNA PCR product that contains a nicking cassette can be incorporated at one of three defined positions along the length of λ-DNA (defined as position A, B, or C). The nickase cassette contains a triple Nt.BspQI nickase recognition motif and an antibiotic resistance gene flanked on either end by 200 bps of sequence homology to λ-DNA. The identity of the flanking λ-DNA homology arms determines which of the three positions (A, B, or C) will be targeted for nickase cassette incorporation. We have designed a set of helper plasmids that can be used as PCR templates to amplify the desired nicking cassette with the specified λ-DNA homology arms. These plasmids (pIF251, pIF253, and pIF254) are available upon request. 1. Amplify the nickase cassette by PCR from the helper plasmid of choice (pIF251, pIF253, and pIF254 for positions A, B, and C, respectively) using Taq DNA polymerase and the specified primers (Tables 1 and 2 ). 2. Degrade the template by adding 1 U of restriction enzyme DpnI (NEB #R0176s) and incubating at 37°C for 1 h. Each nicking cassette is generated by PCR using the indicated template and primers. Templates are available on request. 3.1.2 Electroporation and Recombineering 1. Grow a 5 mL LB culture of λ-phage lysogen strain IF189 + pKD78 overnight at 30°C in the presence of 10 μg μL À1 chloramphenicol. pKD78 is an arabinose-inducible helper plasmid that encodes the λ-red recombineering proteins (Datsenko & Wanner, 2000) . IF189 was created by infecting infect Escherichia coli LE392MP cells with λ-DNA (λc1857 Sam7) using MaxPlax λ-phage packaging extracts (Epicenter). 2. The following day, use 350 μL of cells to inoculate a fresh 35 mL culture of LB supplemented with 10 μg mL À1 chloramphenicol. 3. When the cells reach an OD 600 $ 0.5, induce the λ-red recombinase system by adding 2% L-arabinose (w/v) (GoldBio #20-108) and incubate for an additional 1 h at 30°C. 4. Harvest the cells by centrifugation at 4500 RCF for 7 min. 5. To make the cells electrocompetent, wash 3 Â in ice-cold Milli-Q H 2 O followed by centrifugation and resuspension in 200 μL of H 2 O after each wash. Keep the electrocompetent cells on ice and use them immediately for the recombineering reaction (see Note 6). 6. Combine 50-150 ng of the nickase cassette (prepared above) with 50 μL of electrocompetent cells and transfer them into ice-cold 0.1 cm cuvettes. Electroporate the PCR product into the cells at 18 kV cm À1 . 7. Immediately resuspended the cells in 1 mL of SOC and then transfer to culture tubes containing 10 mL LB broth. 8. After a 4 h outgrowth at 30°C, plate 100 μL of the culture onto LB agar plates containing a low concentration of the appropriate antibiotic, and incubate overnight at 30°C. 9. The following morning, pick colonies and check for successful incorporation of recombinant DNA via colony PCR (Fig. 2 ).
Purifying λ-DNA
The following procedure describes the overexpression and harvesting of recombinant phage capsids, and subsequent purification of approximately 1 mL of 200-500 ng μL À1 of λ-DNA. Lytic λ-phage lysogen growth is induced at $45°C. This temperature denatures the temperature-sensitive λ-repressor (cI857ind 1), which initiates phage amplification and packaging.
An additional amber mutation in the S gene (Sam 7) delays cell lysis and produces large burst sizes (>200 phage capsids per cell), ultimately maximizing the yield of recombinant λ-DNA.
3.2.1 Induction of Lytic Growth 1. Grow a colony of recombinant λ-phage lysogen in 50 mL of LB broth with the appropriate antibiotic overnight at 30°C. 2. Use 10 mL of this starter culture to inoculate 500 mL of LB the following morning. When the flask reaches an OD 600 $ 0.6, rapidly raise the temperature to 42°C by swirling in a preheated water bath. 3. Once the temperature reaches 42°C, induce lytic growth by transferring the culture to a 45°C shaking incubator for 15 min. 4. After 15 min, lower the incubator temperature to 37°C and continue shaking for 2 h.
Purification 1. Harvest the cells by centrifugation at 3000 RCF for 30 min and decant the supernatant (see Note 8). 2.
Resuspend the cell pellet in 10 mL of SM buffer. 3. Add 2% chloroform (v/v) and lyse the cells by incubating at 37°C for 30 min while shaking at 200 rpm. 4. Degrade residual bacterial genomic DNA and RNA by adding 50 ng μL À1 DNaseI (Sigma #D2821) and 30 ng μL À1 RNaseA (Sigma #R6513) to the lysate and incubate for an additional hour at 37°C. 5. Centrifuge the lysate for 15 min at 6000 RCF and at 4°C. Collect the supernatant and dilute with 40 mL of SM buffer. This clarified lysate contains soluble phage capsids. 6. Add 10 mL ice-cold L2 buffer and precipitate the phage capsids by incubating on ice for 1 h. 7. Harvest the phage capsids by centrifugation at 10,000 RCF for 10 min at 4°C. Decant the supernatant. 8. Resuspend the pellet with 3 mL of L3 buffer and 3 mL of L4 buffer. 9. Phage capsid proteins are digested by incubating with 100 ng μL À1 of proteinase K (NEB #P8012S) for 1 h at 55°C, which liberates the λ-DNA. 10. Precipitate the SDS with 3 mL of L5 buffer and clarify the resulting cloudy solution by centrifugation at 15,000 RCF for 30 min at 4°C. Collect the supernatant.
11. Preequilibrate a Qiagen tip-500 column (Qiagen #10262) with 30 mL QBT buffer. 12. Titrate the solution to pH 7.0 using 1 M MOPS [pH 8.0]. Pass the soluble λ-DNA over the column. 13. Wash the column with 30 mL QC buffer and elute with 15 mL of QF buffer. 14. Precipitate the λ-DNA by adding 10.5 mL of 100% isopropanol. DNA will precipitate as a long stringy web. 15. Collect the precipitate with a bent Pasteur pipette or pipette tip. 16. Rinse the spooled pellet in 70% ethanol and dissolve in TE buffer to a final DNA concentration of 200-500 ng μL À1 . 17. An NcoI restriction digest can be used to confirm the quality of the recombinant λ-DNA (Fig. 2c ).
Inserting Oligonucleotides into DNA Substrates
Recombinant λ-DNA is nicked with Nt.BspQI (nickase) enzyme, which creates closely spaced breaks in the top strand of the nickase cassette (Fig. 3a) . Alternatively, Nb.BspQI can be used to modify the bottom strand. Short single-stranded DNA fragments are melted out and replaced by a synthetic oligonucleotide by annealing slowly and ligating overnight. Excess oligonucleotides and enzymes are then removed by gel filtration. Restriction enzyme motifs (NcoI, NotI) that are within the replacement positions are used to verify proper insertion of the synthetic oligonucleotide (Fig. 3b) . Complete ligation of both strands can be further confirmed with alkaline agarose electrophoresis (Fig. 3c ).
1. In a 250 μL reaction, incubate 25 μg of recombinant λ-DNA with 50 U of Nt.BspQI (NEB #R0644s) and 1 Â buffer 3.1 (NEB #B7203) at 55°C for 1 h. Add 1 U of proteinase K (NEB #P8107S) for 1 h, at 55°C to halt the reaction, and increase the temperature to 70°C for 20 min. 2. Add a 500-fold molar excess of the desired insert oligonucleotide, along with a 250-fold excess of cosL and cosR-complimentary oligonucleotides (IF003 and IF004; Table 2 ). The cosL and cosR oligonucleotides are modified with biotin or digoxigenin for assembling DNA curtains (Finkelstein & Greene, 2011; Gallardo et al., 2015) . 3. Slowly reduce the temperature from 70 to 22°C in a thermocycler at a rate of À0.5°C min À1 . 4. Add 1000 U of T4 DNA ligase and 1 mM ATP. Incubate overnight at room temperature. 5. Remove 50 μL of the final reaction for insertion verification. Save the rest for gel filtration. 6. Inactivate 250 μL of the above reaction with a final concentration of 1 M NaCl. Load the solution onto a 120 mL Sephacryl S-1000 column (GE #17-0476-01) in TE running buffer plus 150 mM NaCl to separate the modified λ-DNA from excess oligonucleotides and enzymes.
Diagnostics
The nicking cassette contains NcoI and NotI motifs for measuring oligonucleotide incorporation efficiency. If possible, design the insertion reaction such that successful incorporation of the oligonucleotide into the λ-DNA abolishes either restriction enzyme motif. Under these conditions, incorporation of the insert can be verified by performing a restriction enzyme digest. The restriction fragments are resolved on a native 0.8% agarose gel. Additional analysis on a denaturing alkaline agarose gel can be used to verify proper ligation of the modified λ-DNA (Fig. 3) . Nicking with Nt.BspQI produces a distinct ladder of bands on an alkaline agarose gel (Fig. 3c) . Ligation seals the nicks that cause these bands.
Alkaline Agarose Gel Diagnostics
1. Take 5 μL of the sample set aside for insertion verification and run on a 0.6% alkaline agarose gel made with 1Â alkaline agarose gel electrophoresis buffer. Run the gel at 20 V for 20 h at 4°C. 2. Rock the gel in neutralization buffer for 45 min at room temperature. 3. Stain by soaking in 10 mg mL À1 ethidium bromide dissolved in 1 Â alkaline agarose gel electrophoresis buffer for 30 min at room temperature. 4. Destain the gel by soaking in H 2 O for 30 min at room temperature. 5. Visualize DNA using a Typhoon FLA 9500 laser scanner (GE) (Fig. 3) .
Assembling DNA Curtains
1. Assemble flowcells and prepare connectors as previously described (Finkelstein & Greene, 2011) . A diagram of the UV lithography generated features as well as double-tethered DNA curtains can be seen in Fig. 1 . Briefly, a single DNA curtain barrier is comprised of a deposited line of Chromium (Cr) separated 13 μm away from circular Cr pedestals. These features are generated on a quartz flowcell via UV lithography. λ-DNA is tethered between these features via biotin/streptavidin and digoxigenin/α-digoxigenin antibody interactions, respectively. A lipid bilayer is deposited on the surface of the flowcell to both facilitate the attachment of λ-DNA to the bilayer and to passivate the surface of the flowcell. and inject into the flowcell. Incubate for 10 min. Streptavidin will bind the biotinylated lipids and serve as a mobile tether for the functionalized λ-DNA. 8. Wash the flowcell with BSA buffer. Dilute 200 μL of functionalized λ-DNA into 800 μL of BSA buffer. Inject λ-DNA into the flowcell in three rounds with 5 min of incubation between each round. 9. Connect the flowcell to a syringe containing 10 mL of imaging buffer loaded onto a syringe pump (Fig. 4) . Flow imaging buffer through the flowcell at a rate of 100 μL min À1 . This flow rate provides enough force to extend the λ-DNA to be captured at the pedestal. 10. Attach the flowcell to the microscope stage using stage clips. Set the prism onto the flowcell with a drop of index matching oil. The polished faces of the prism should be in line with the excitation laser. The flow cell is ready for imaging (Fig. 4) . 
MSD nΔt
where N is the total number of frames in the trajectory, n is the number of frames for a given time interval, Δt is the time between frames (time interval), and y i is the molecule position at frame i. 4. Calculate the diffusion coefficient of individual molecules by fitting a line through a plot of the MSDs for the first 10 time intervals using the following formula:
where D is the apparent 1D diffusion coefficient.
NOTES
1. Sonicated liposomes can be stored for up to 2 weeks at 4°C. Liposomes will continually condense in solution over the storage period. After approximately 2 weeks, the liposomes stop producing uniform DNA curtains. 2. After conjugating antibodies to QDs, purify the labeled QDs from the free antibody with a Sephacryl S-300 column (GE Life Sciences) or a similar gel filtration column in PBS buffer. 3. The targeting inserts can be prepared in advance and stored at À20°C. 4. Although recombineering can be performed with a minimum of 40 ng μL À1 targeting insert λ-DNA, we saw much higher recombineering efficiency when the DNA was >100 ng μL À1 . 5. An OD 600 0.5 is optimal for arabinose induction of the λ-red recombinase system encoded on pKD78. The recombineering efficiency will markedly decrease at an OD 600 > 0.6. 6. Make electrocompetent cells fresh and use them as soon as they have been prepared. Add SOC immediately after electroporation, and transfer cells to LB and the incubator as soon as possible. 7. Although it is often enough to allow cells to grow out for 4 h after electroporation, it is highly recommended to allow the cells to grow for 24 h. This greatly increases the number of colonies per plate and increases the likelihood of successfully recombineered lysogens. 8. The λ-phage cell pellet can be flash frozen here and stored at À80°C for up to 1 week. 9. It is critical not to raise the temperature above 45°C during the heat shock of λ-phage lysogens. Monitor the LB temperature with a thermometer, as higher temperatures may affect the yield of purified λ-DNA. 10. The phage capsid pellet is faint white and slightly opaque; it can be very difficult to see on the walls of a 50 mL conical tube. Mark the tube position within the rotor when harvesting the phage capsid as to not obstruct the pellet from view. 11. Purification of >500 ng μL 1 λ-DNA from these modified λ-phage lysogens may be expected but a minimum concentration of 200 ng μL
À1
should be achieved before attempting the nicking reaction. 12. When diagnosing the insertion efficiency, include the proper mock (no insert) and homoduplex insert controls.
13. When injecting solutions into the flowcell, be careful not to introduce bubbles, as they will destroy the lipid bilayer. To mediate this problem, make drop to drop connections with all syringes and push bubbles out of the flowcell by injection from the opposite port. 14. When aligning the TIRF angle, decrease the laser power to <2 mW by using neutral density filters (Thor Labs). Always wear protective eyewear. 15. YOYOI generates laser-induced DNA damage. As such, it may be beneficial to omit YOYOI from experiments, or stain the DNA after data acquisition and align your proteins trajectories and DNA position in data processing. For experiments with unstained DNA, omit YOYOI, glucose oxidase, catalase, and glucose from imaging buffer.
